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Oindrila Ganguly∗
Institute of Physics, Bhubaneswar, Odisha 751005
Abstract
The acoustic analogue of the geometry of curved spacetime realised in a classical fluid becomes
Lorentz violating in the presence of viscosity. We study how this effective Lorentz violation affects
acoustic superradiance from the ergosphere of a rotating sonic black hole formed in such a fluid. It
turns out that Lorentz violation imposes an upper bound on frequencies of acoustic perturbations that
can get scattered from the ergosphere. Incidentally, this upper bound is same as that on the spectrum
of superradiant frequencies. This study also reveals how superradiance is in general modified when
the wave propagates through a dispersive and dissipative medium. Our result is valid only upto linear
order in the coefficient of viscosity and is thus a first approximation to the full solution, focussing on
the key qualitative features.
1 Introduction
In any wave scattering process, the total energy carried by reflected and transmitted waves is less than or
equal to the energy originally brought in by the incident wave. However, it was discovered by Zeldovich
[1, 2] that modes of scalar or electromagnetic radiation falling on a cylinder made of absorbing material
which rotates about its axis of symmetry with a frequency Ω are actually amplified when
ω < m Ω . (1)
Here, ω is the frequency of the incident wave and m is the projection of its angular momentum along the
axis of rotation. This phenomenon is known as superradiance or rotational superradiance (to distinguish
it from Dicke superradiance [3] which refers to amplification of radiation due to coherence in the emitting
medium) because the outgoing wave carries away more energy than was originally brought in. In fact,
rotational superradiance is a general feature of any macroscopic, rotating, dissipative system with internal
degrees of freedom, causing transfer of energy from one medium to another usually stimulated by wave
scattering. Classically, the horizon of a black hole is a perfect absorber and it was predicted by Misner
et al [1, 2, 4, 5] that low frequency waves scattered off the horizon of a rotating (Kerr) black hole would
be similarly amplified at the cost of black hole mass and angular momentum. The condition for this
rotational superradiance is the same as Equation 1, with Ω replaced by ΩH , the angular velocity of the
black hole horizon:
ω < m ΩH . (2)
If quantum nature of the fields is further considered then black holes can be shown to evaporate sponta-
neously even in the absence of rotation [6]. This kind of spontaneous emission from black holes is known
as Hawking radiation. Unfortunately, the signals of both kinds of radiation are very feeble and so, in spite
of being theoretically predicted almost forty years ago, it has been impossible to confirm their presence
observationally.
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Interestingly, superradiance and Hawking radiation can be completely attributed to the influence of
spacetime geometry on the evolution of classical or quantum fields without any need to refer to the dy-
namical equations of Einstein. This intrinsic feature permits us to construct alternate low energy models
based on relatively more accessible systems like classical fluids, superfluids, Bose Einstein condensates
etc. that can map the geometry of a curved spacetime, albeit in certain limits. This field of study was
pioneered by Unruh [7] when he observed that in an inviscid, barotropic, irrotational fluid flowing in
flat 3-space, the acoustic perturbations ψa in the velocity potential satisfy an equation identical to the
massless Klein Gordon equation in a curved background:
ψa ≡ 1√−g ∂µ
(√−g gµν ∂ν) ψa = 0 . (3)
Here, g is an effective Lorentzian ‘acoustic metric’ that can be perceived only by the field ψa. All through
this article, a b in the subscript denotes bulk or background fields while a subscript a refers to linear
acoustic perturbations over them. Its explicit form is,
ds2 ≡ gµν dxµ dxν = − ρb
cs
[(
c2s − v2b
)
dt2 − δijdxi dxj + 2(vb)idt dxi
]
. (4)
Note that the acoustic metric is distinct from the metric of the physical spacetime in which the fluid flows.
Analogue models of gravity enjoy the advantage that the effective spacetime is completely determined by
the bulk density ρb and bulk velocity ~vb of the fluid provided the fluid is barotropic and irrotational [8].
Here, cs denotes the local speed of sound defined by c
2
s = ∂pb/∂ρb. By properly tuning these variables,
it is possible to create acoustic analogues of various geometries including the spacetime outside a black
hole.
A flow that can suitably mimic a rotating black hole must have a radially inward plus a tangential
component of the velocity such that it is locally vorticity free [8]. These properties are inherent to the
draining bathtub flow with a sink at the origin. Without loss of generality, we can work with a fluid
flowing in two dimensions with a bulk velocity
~vb = −A
r
rˆ +
B
r
φˆ . (5)
A,B are real, positive constants and (r, φ) are plane polar coordinates. ~vb is not only locally irrotational
(~∇ × ~vb = 0) but is also locally divergence free (~∇ · ~vb = 0). The corresponding (2 + 1) dimensional
metric, referred to as a draining bathtub metric, is,
ds2DB = −
ρb
cs
[(
c2s −
A2 +B2
r2
)
dt2 − dr2 − r2 dφ2 − 2 A
r
dr dt+ 2B dφ dt
]
. (6)
Clearly, the draining bathtub metric does not exactly correspond to a Kerr geometry, not even to a
section of it. What is important is that, the two are qualitatively similar. This metric is also stationary
and axisymmetric, thereby possessing symmetries corresponding to time translations generated by a
timelike Killing vector field ∂t and planar rotations generated by a spacelike Killing vector field ∂φ. On
the 2-surface at rh = A/cs in this flow, the fluid velocity is everywhere inward pointing and the radial
component of the fluid velocity equals the local speed of sound. In the acoustic geometry, this surface,
called a sonic or acoustic horizon, behaves as an outer trapped surface and can be identified with the future
event horizon of the black hole. Thus, an acoustic black hole or a dumb hole is formed. The radius of the
ergosphere is determined by the vanishing of the metric component gtt which occurs at re =
√
A2 +B2/cs.
In [9, 10], a detailed derivation of the condition for superradiance of acoustic perturbations, also known
as superresonance, from a rotating dumb hole has been presented. The condition turns out to be the
same as that of Equation 2.
This assumption of zero viscosity is necessary for the following two reasons:
1. to ensure that viscous effects do not, locally, generate vorticity;
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2. to make the emergent acoustic geometry Lorentzian.
The latter is evident from the way viscous contributions alter the evolution of ψa:
 ψa = −4
3
ν
ρbcs
(
∂t + ~vb · ~∇
) (∇2ψa) , (7)
ν denoting the coefficient of kinematic viscosity of the fluid. (For a pedagogical derivation of the acoustic
metric in the inviscid and viscous case, please refer to [8].) Here, the left hand side involves the general
curved Lorentzian acoustic metric g while terms on the right hand side couple to flat metric of three
space – evidently violating Lorentz covariance of the equation. Moreover, new terms of O(|~k|3) and higher
appear in the dispersion relation of the acoustic perturbations (as illustrated in section 2), ~k being the
three momentum of the perturbation ψa, also implying a breakdown of local acoustic Lorentz invariance.
In the present article, we relax the very assumption of inviscidity in order to explore how acoustic
superradiance is affected by Lorentz violation of the analogue spacetime. Physically, viscosity is known
to have dissipative and dispersive effects on the propagation of sound waves through a fluid. So, it is
expected also to modify the process of acoustic superradiance from a rotating dumb hole. In section 3,
we present an asymptotic solution to the problem in a limit where certain simplifying assumptions about
the governing equations can be used. A condition same as Equation 2 is obtained with the difference that
no wave with frequency greater than m ΩH is now allowed to undergo scattering from the ergosphere.
We end this article with a discussion of the limitations of our result and planned improvements.
2 Derivation of acoustic dispersion relation
A dispersion relation expresses the momentum of a wave as a function of its energy. Let us assume ψa
to be a plane wave
ψa(x) = A(~x)e
i(ωt−~k·~x) (8)
obeying the eikonal approximation according to which the amplitude A(~x) is taken to be a slowly varying
function compared to the exponential. As a simplifying measure, we ignore derivatives of the metric.
Substituting this into Equation 7 and using the explicit form of the metric, we obtain a quadratic equation
in
(
ω − ~vb · ~k
)
[8]:
(
ω − ~vb · ~k
)2
+ i
4ν
3
(
ω − ~vb · ~k
)
|~k|2 − c2s |~k|2 = 0
whose roots give the dispersion relation
ω = ~vb · ~k ±
√√√√c2s |~k|2 −
(
2ν|~k|2
3
)2
− i2ν|
~k|2
3
. (9)
In this non-linear dispersion relation, the ν dependent term under the big square root gives rise to dis-
persion while dissipative effects of viscosity are brought in by the imaginary term. A modified dispersion
relation is known to be a signature of Lorentz violation. However, the dispersive and dissipative acoustic
Lorentz violating terms in Equation 9 contribute only at high momenta ~k. This agrees intuitively with the
fact that at high momenta the continuum fluid model breaks down thereby invalidating the assumption
of a continuous ‘acoustic spacetime’ [8].
3 Acoustic superradiance in a viscous fluid
Gravitational superradiance can occur in the axisymmetric, stationary spacetime outside a rotating black
hole because the ergosphere, i. e. the region where the time translation Killing vector becomes spacelike,
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extends outside the event horizon to the domain of outer communication. As discussed in section 1, a
draining bathtub flow provides an ideal arena for mapping such a geometry. To keep calculations simple,
we restrict the coefficient of kinematic viscosity of the fluid to be sufficiently small (ν << 1) so that terms
of O(ν2) and higher may be neglected with respect to the contribution at O(ν) and also assume that
the background density ρb remains constant. This, in turn, implies the constancy of the bulk pressure
(owing to barotropicity) and the local speed of sound. Thus, a further simplification becomes possible.
We rescale the dimensions and set the local speed of sound to unity i. e. cs = 1, for the rest of this article.
Under these conditions, the metric of Equation 6 becomes,
ds2DB = −ρb
[(
1− A
2 +B2
r2
)
dt2 − dr2 − r2 dφ2 − 2 A
r
dr dt+ 2B dφ dt
]
. (10)
The viscous wave equation (7) when written out explicitly in the (t, r, φ) coordinates takes the form[
− ∂2t +
(
1− A
2
r2
)
∂2r +
1
r2
(
1− B
2
r2
)
∂2φ +
2A
r
∂t∂r − 2B
r2
∂t∂φ +
2AB
r3
∂φ∂r
{
1
r
(
1− A
2
r2
)
+
2A2
r3
}
∂r
− 2AB
r4
∂φ
]
ψa = −4ν
3
[
−A
r
∂3r +
B
r4
∂3φ −
A
r3
∂r∂
2
φ +
B
r2
∂2r∂φ +
1
r2
∂2φ∂t + ∂
2
r∂t −
A
r2
∂2r +
2A
r4
∂2φ +
B
r3
∂r∂φ
+
1
r
∂r∂t +
A
r3
∂r
]
ψa . (11)
Now, the massless Klein Gordon equation is known to allow complete separation of the variables in the
Kerr metric [11, 12]. The same holds for the Klein Gordon equation with a mass term. As a result,
the inviscid wave equation in a draining bathtub metric, obtained by setting ν = 0 in Equation 11 is
also separable and the (φ, t) dependence is given by the usual eigenfunctions appropriate to an axially
symmetric and stationary background geometry, namely, exp(−iωt + imφ) [9, 10]. Here, ω and m are
the frequency and orbital momentum of the wave parallel to the symmetry axis.
In Equation 11, the highest order derivatives ∂3r , ∂
3
φ are suppressed by the parameter ν multiplied by
a factor which is always less than one because we are interested in a solution outside the acoustic horizon,
i. e., for r ∈ (A,∞). So, let us start by assuming a separable solution to the viscous wave Equation 11:
ψa(t, r, φ) = T (t)R(r)Φ(φ) .
We tune the flow parameters A,B such that B << A. This helps us go to the limit where the term
B∂3φψa in Equation 11 may be ignored in comparison to 2A∂
2
φψa. As a result, the highest order of axial
derivative occuring in Equation 11 is reduced to two. We employ the ansa¨tz:
ψa(t, r, φ) = R(r)e
−iωt+imφ . (12)
Following the standard steps, we can find the separated radial equation to be
− 4ν
3
A
r
∂3r +
[
1− A
2
r2
− 4ν
3
{
A
r2
+ i
(
ω − Bm
r2
)}]
d2
dr2
R(r)
+
[
1
r
(
1− A
2
r2
)
+
2A2
r3
− i2A
r
(
ω − Bm
r2
)
+
4ν
3
{
A
r3
+
Am2
r3
− i
r
(
ω − Bm
r2
)}]
d
dr
R(r)
+
[(
ω − Bm
r2
)2
− m
2
r2
− i2ABm
r4
− 4ν
3
(
2Am2
r4
− im
2ω
r2
)]
R(r) = 0 . (13)
This is a linear third order ordinary homogeneous differential equation in R(r). Ideally, it should be
possible to analytically find a general solution to this linear equation, but the problem becomes rather
intractable. So, to get a first approximation to the complete answer, we instead study the asymptotic
form of Equation 13 in the limit where
d3rR(r) <<
1
r
d2rR(r) .
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This is equivalent to requiring
∂3rψa <<
1
r
∂2rψa .
Thus, restricting the parameter space by the criterion B << A, employing ansa¨tz of Equation 12 and
finally constraining ψa to vary slowly with respect to r, we are able to reduce Equation 13 to the following
second order, linear differential equation:[
1− A
2
r2
− 4ν
3
{
A
r2
+ i
(
ω − Bm
r2
)}]
d2
dr2
R(r)
+
[
1
r
(
1− A
2
r2
)
+
2A2
r3
− i2A
r
(
ω − Bm
r2
)
+
4ν
3
{
A
r3
+
Am2
r3
− i
r
(
ω − Bm
r2
)}]
d
dr
R(r)
+
[(
ω − Bm
r2
)2
− m
2
r2
− i2ABm
r4
− 4ν
3
(
2Am2
r4
− im
2ω
r2
)]
R(r) = 0 . (14)
But this equation can be lent a simpler form by defining a new radial coordinate r∗ called the tortoise
coordinate as [
1− A
2
r2
− 4ν
3
{
A
r2
+ i
(
ω − Bm
r2
)}]
d
dr
≡ d
dr∗
(15)
and a new function R(r∗) as R(r∗) = R(r).
1 This definition makes the tortoise coordinate a complex
variable and the differential equation is now defined on the complex r∗ plane instead of the real r axis.
The bar over R in R is used to denote its dependence on r∗ and in the following formulae we shall place
a bar over all other functions of r∗. Under the transformation r → r∗ and R(r) → R(r∗), Equation 14
becomes,
d2
dr2
∗
R(r∗) +
[
1
r
(
1− A
2
r2
)
− i2A
r
(
ω − Bm
r2
)
+
4ν
3
{
Am2
r3
− A
r3
− i
r
(
ω − Bm
r2
)
+
i2Bm
r3
}]
d
dr∗
R(r∗)
+
[
1− A
2
r2
− 4ν
3
{
A
r2
+ i
(
ω − Bm
r2
)}][(
ω − Bm
r2
)2
− m
2
r2
− i2ABm
r4
− 4ν
3
(
2Am2
r4
− im
2ω
r2
)]
R(r∗)
= 0 . (16)
Note that the coefficients here remain functions of r. They have not been changed because we do not
know explicitly r(r∗). In fact, we do not need to know this inverse transformation. If we denote the
coefficients of dR(r∗)/dr∗ and R(r∗) by a(r) = a(r∗) and b(r) = b(r∗) respectively, then Equation 16 is
simply of the form
d2
dr2
∗
R(r∗) + a(r)
d
dr∗
R(r∗) + b(r)R(r∗) = 0 . (17)
We wish to write this as a one dimensional equation with an effective potential by defining another radial
function ζ(r∗). In other words, we plan to make a transformation from R(r∗)→ ζ(r∗) in a way that will
make the coefficient of dζ/dr∗ zero. If
R(r∗) ≡ exp
[
− 1
2
∫ r∗
ds∗a(s∗)
]
ζ(r∗)
then Equation 17 is indeed reduced to
d2
dr2
∗
ζ + k
2
(r∗)ζ = 0 (18)
1When ν = 0, r∗ remains real.
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where retaining terms upto O(ν),
k
2
(r∗) = k
2(r) ≈
(
ω − Bm
r2
)2
+
(
1− A
2
r2
){(
1− A
2
r2
)
1
4r2
− m
2
r2
− A
2
r4
}
− 2ν
3
[(
1− A
2
r2
){
3A
r4
+
2Am2
r4
+
i
r2
(
ω − Bm
r2
)
− i2m
2ω
r2
− i6Bm
r4
}
+ 2i
(
ω − Bm
r2
)3
+
2A
r2
(
ω − Bm
r2
)2
+
(
ω − Bm
r2
){
4ABm
r4
− i2m
2
r2
− i2A
2
r4
(1 +m2)
}
− 2Am
2
r4
− 2A
3
r6
]
(19)
Any differential equation of the form of Equation 18 (with vanishing coefficient of the first derivative) is
known to have a constant Wronskian. This allows us to solve the asymptotic forms of Equation 18 in the
limiting cases of r → A (near the acoustic horizon) and r →∞ and equate the corresponding Wronskians
in order to deduce the conditions for superresonance (following [9, 10]).
Near horizon
The surface at r = A acts as an acoustic horizon rotating at the angular velocity ΩH =
B
A2
. Owing to the
restrictions on the parameter space (B << A), the angular velocity of the horizon is quite small. Now,
as the radial coordinate r → A, let the functions ζ(r∗)→ ζhor(r∗) and
k2(r)→ k2hor(r) ≈ (ω −mΩH)2 −
4ν
3
[
(ω −mΩH)2 1
A
+ (ω −mΩH)2mΩH
A
− 1 +m
2
A3
+ i(ω −mΩH)3 − i(ω −mΩH)1 + 2m
2
A2
]
(20)
from Equation 19. Therefore,
khor ≈ (ω −mΩH)− 2ν
3A
{
(ω +mΩH)− 1 +m
2
A2(ω −mΩH)
}
+ i
2ν
3
{
1 + 2m2
A2
− (ω −mΩH)2
}
. (21)
A solution to the approximate near horizon differential equation
d2
dr2
∗
ζhor + k
2
horζhor = 0 (22)
can easily be written down as
ζhor1(r∗) = Tωme
−ikhorr∗ . (23)
Here, Tωm is the transmission coefficient and we have incorporated the boundary condition that the group
velocity of the wave for r → A is directed towards the trapping surface. Another linearly independent
solution to Equation 22 can be
ζhor2(r∗) = T
∗
ωme
ikhorr∗ . (24)
The corresponding Wronskian Whor is given by,
Whor = ζhor1
d
dr∗
ζhor2 − ζhor2
d
dr∗
ζhor1 = 2ikhor|Tωm|2 . (25)
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Near infinity
In the asymptotic region where r →∞, the function ζ(r∗)→ ζ inf(r∗) and
k2(r)→ k2inf(r) ≈ ω2 − i
4ν
3
ω3 ≈
(
ω − i2ν
3
ω2
)2
(26)
as before keeping only upto linear terms in ν. So,
kinf ≈ ω − i2ν
3
ω2 . (27)
A solution to the approximate differential equation
d2
dr2
∗
ζ inf + k
2
horζ inf = 0 (28)
is
ζ inf1(r∗) = Rωme
ikinfr∗ + e−ikinfr∗ . (29)
Here, Rωm is the reflection coefficient in the sense of potential scattering and the amplitude of the incident
wave is normalised to unity. Another linearly independent solution to Equation 28 is
ζ inf2(r∗) = R
∗
ωme
−ikinfr∗ + eikinfr∗ . (30)
So, the Wronskian
Winf = ζ inf1
d
dr∗
ζ inf2 − ζ inf2
d
dr∗
ζ inf1 = 2ikinf(1− |Rωm|2) . (31)
Comparison of Wronskians
The Wronskian of Equation 19 being constant, we have
1− |Rωm|2
|Tωm|2 =
khor
kinf
. (32)
We need to determine the asymptotic form of the ratio khor/kinf when ν << 1. Using Equation 21 and
Equation 27 and neglecting O(ν2) or higher contributions, we arrive at
khor
kinf
≈ 1
ω
[
ω −mΩH − 2ν
3A
{
ω +mΩH − 1 +m
2
A2(ω −mΩH)
}]
+ i
2ν
3ω
{
1 + 2m2
A2
− (ω −mΩH)2 + (ω −mΩH)ω
}
. (33)
2 However, from Equation 32 it is clear that khor/kinf must be real. So,
mΩH(ω −mΩH) = − 1 + 2m
2
A2
. (34)
As the expression to the right of the equality is always negative, this equation puts the following constraint
on ω:
ω < mΩH .
2In an inviscid fluid, no such condition appears and scattering can occur for the entire range of frequencies. But there
will be superresonance only when 0 < ω < mΩH.
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This must hold to allow scattering of acoustic perturbations off the ergosphere of a dumb hole in a fluid
with a small kinematic viscosity ν if the conditions specified above are true.
Now, when superresonance occurs, intensity of the reflected wave is greater than that of the incident
wave i. e. |Rωm|2 > 1. Equation 32 implies that a necessary condition for superresonance is khorkinf < 0, that
is,
(ω −mΩH)2 − 2ν
3A
{
(ω + 2mΩH)(ω −mΩH) + m
2
A2
}
> 0 . (35)
This is obtained by simplifying Equation 33 with the help of Equation 34. The roots of the corresponding
equation are given by Sridhar Acharya rule to be,
ω ≈
(
1 +
ν
A
)
mΩH ± m
A
√
2ν
3A
as O(ν2) and higher contributions are ignored. Inserting this into the inequality of Equation 35, we have[
ω −
(
1 +
ν
A
)
mΩH − m
A
√
2ν
3A
][
ω −
(
1 +
ν
A
)
mΩH +
m
A
√
2ν
3A
]
> 0 .
Since, ω < mΩH, the expression within the first set of brackets is negative for all values of ω. As a result,
we must have
ω <
(
1 +
ν
A
)
mΩH − m
A
√
2ν
3A
. (36)
We must convince ourselves that this result is consistent with Equation 34 ( ω < mΩH). It will be so if
m
A
√
2ν
3A
>
ν
A
mΩH ,
2ν
3A
>
ν2B2
A4
.
The last step is obtained after dividing by the common non-zero factor m/A and taking the square of
both sides. We have also substituted the formula for ΩH. This leads to the relation
2
3
>
νB2
A3
which obviously is true because we have earlier made the choice that ν << 1 and B/A << 1. Hence, we
can conclude that in the limit where our assumptions hold good, sound waves will be scattered off the
ergosphere of a rotating dumb hole when ω < mΩH and there will be superresonance for all such waves.
4 Summary and discussion
Our primary motivation in pursuing this study has been to understand how the absence of Lorentz
covariance of the acoustic wave equation in emergent acoustic spacetime, arising due to the consideration
of viscosity of the fluid, influences superresonance from a rotating dumb hole. Instead of tackling the full
problem with all its complexity, we have made a number of simplifying assumptions to gain an estimate
of these effects to a first order in ν. The assumptions that we have employed are:
1. Kinematic viscosity ν has been taken to be small enough so that terms higher than O(ν) can be
neglected;
2. Bulk fluid flow is such that B << A (tangential fluid velocity is negligible compared to the radial
component) implying B
r4
∂3φψa <<
2A
r4
∂2φψa , r ∈ (A,∞);
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3. ψa = R(r)exp[−iωt+ imφ], ω,m > 0 and m takes integral values;
4. Only regions of slow variation of R(r) are considered. So, Equation 11 reduces approximately to
Equation 14. Here, d3rR has been neglected in comparison to (1/r)d
2
rR.
Provided these assumptions hold good, our results indicate that acoustic Lorentz violation restricts
the range of allowed frequencies ω for a scattering process to be always less than mΩH. But, this
exactly coincides with the range of frequencies that can undergo superradiance. So, all such solutions
to Equation 11 get amplified upon scattering by extracting rotational energy from the dumb hole. The
assumptions made by us have somehow conspired to always suppress the frequency ω below mΩH. It is
instructive to explore how this constraint gets modified when a more general analysis of Equation 11 is
affordable.
Apart from being a study into Lorentz violation, it is by itself interesting to know the effects of
viscosity on superresonance. But the interest is not only theoretical. Owing to the requirement of zero
viscosity, real fluids cannot be used to build sonic black hole models in the laboratory. One is forced
to look into ideal fluids like superfluid helium. However, with an estimate of how viscosity modifies the
outcome in a real fluid, it may become practically possible to deduct viscous effects appearing in real
fluids and extrapolate a result to the ideal, inviscid case. This is also true of black hole analogues built
using gravity waves in water, another promising candidate for simulating the spacetime outside a black
hole. Long wavelength gravity waves in a shallow basin filled with a flowing fluid are also governed by the
same equation as a scalar field in curved spacetime [13]. In fact, very recently, amplification of gravity
waves after being scattered from a draining vortex has been observed in the laboratory [14]. However,
the experimenters have not been able to confirm whether this amplification is due to a rotating analogue
black hole or due to dissipation inside the vortex core, as discussed in [15]. Here, too, zero viscosity is
a prior assumption in the theoretical framework. But it holds only approximately when water is used
in the experiments. So, it is instructive and, in fact, necessary to determine the impact of viscosity on
superradiance in this scenario. We plan to address this problem in future.
5 Acknowledgements
The author is grateful to Parthasarathi Majumdar for his insightful guidance at every step of this problem
and also thanks Nirupam Dutta for numerous discussions on this topic.
References
[1] Ya. B. Zel’dovich. Generation of Waves by a Rotating Body. ZhETF Pisma Redaktsiiu, 14(4):270,
1971.
[2] Ya. B. Zel’dovich. Amplification of Cylindrical Electromagnetic Waves Reflected from a Rotating
Body. Zh. Eksp. Teor. Fiz., 62:2076–2081, 1972.
[3] R. H. Dicke. Coherence in spontaneous radiation processes. Phys. Rev., 93:99–110, Jan 1954. doi:
10.1103/PhysRev.93.99. URL http://link.aps.org/doi/10.1103/PhysRev.93.99.
[4] C. W. Misner. Interpretation of gravitational-wave observations. Phys.
Rev. Lett., 28:994–997, Apr 1972. doi: 10.1103/PhysRevLett.28.994. URL
http://link.aps.org/doi/10.1103/PhysRevLett.28.994.
[5] A. A. Starobinskii. Amplification of waves during reflection from a rotating ”black hole”. Zh. Eksp.
Teor. Fiz., 64:48–57, 1973.
[6] S. W. Hawking. Particle Creation by Black Holes. Commun. Math. Phys., 43:199–220, 1975. doi:
10.1007/BF02345020. [167(1975)].
9
[7] W.G. Unruh. Experimental black hole evaporation. Phys.Rev.Lett., 46:1351–1353, 1981. doi: 10.
1103/PhysRevLett.46.1351.
[8] Matt Visser. Acoustic black holes: Horizons, ergospheres, and Hawking radiation.
Class.Quant.Grav., 15:1767–1791, 1998. doi: 10.1088/0264-9381/15/6/024.
[9] Soumen Basak and Parthasarathi Majumdar. ’Superresonance’ from a rotating acoustic black hole.
Class.Quant.Grav., 20:3907–3914, 2003. doi: 10.1088/0264-9381/20/18/304.
[10] Soumen Basak and Parthasarathi Majumdar. Reflection coefficient for superresonant scattering.
Class.Quant.Grav., 20:2929–2936, 2003. doi: 10.1088/0264-9381/20/13/335.
[11] Brandon Carter. Global structure of the Kerr family of gravitational fields. Phys. Rev., 174:1559–
1571, 1968. doi: 10.1103/PhysRev.174.1559.
[12] D. R. Brill, P. L. Chrzanowski, C. Martin Pereira, E. D. Fackerell, and J. R. Ipser. Solution of the
scalar wave equation in a kerr background by separation of variables. Phys. Rev., D5:1913–1915,
1972. doi: 10.1103/PhysRevD.5.1913.
[13] Ralf Schutzhold and William G. Unruh. Gravity wave analogs of black holes. Phys. Rev., D66:
044019, 2002. doi: 10.1103/PhysRevD.66.044019.
[14] Theo Torres, Sam Patrick, Antonin Coutant, Mauricio Richartz, Edmund W. Tedford, and Silke
Weinfurtner. Observation of superradiance in a vortex flow. 2016.
[15] Vitor Cardoso, Antonin Coutant, Mauricio Richartz, and Silke Weinfurtner. Detecting Ro-
tational Superradiance in Fluid Laboratories. Phys. Rev. Lett., 117(27):271101, 2016. doi:
10.1103/PhysRevLett.117.271101.
10
